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INTRODUCTION: 

Despite intense research efforts, cancer remains the second leading cause of death in the 
United States. Mortality is seldom caused by primary tumors, but rather by the effect of 
metastases on distant organs. The lymphatic system serves as a common route of metastasis 
for many cancers of epithelial origin. There is growing evidence that lymphangiogenesis, the 
sprouting of new lymphatics from pre-existing lymphatics, facilitates the dissemination of cancer. 
Interestingly, the growth factor VEGF-A stimulates lymphangiogenesis; however, the underlying 
mechanisms have not been fully defined.  To achieve a better understanding of VEGF-A’s 
function in biology, our lab helped develop a novel anti-VEGF-A antibody (r84) that specifically 
blocks mouse and human VEGF-A activation of VEGFR2, but not VEGFR1.  During the course 
of this fellowship I have used r84 to delineate the cellular and molecular mechanisms underlying 
VEGF-A-induced lymphangiogenesis and to characterize the effect of anti-VEGF-A therapy on 
the lymphogenous spread of breast cancer (Dellinger and Brekken, 2011).  Additionally, I have 
used the Cre-Lox system to conditionally inactivate VEGFR2 in lymphatic endothelial cells to 
identify the direct role VEGFR2 serves in promoting lymphangiogenesis.     

BODY: 

Conditional inactivation of Vegfr2 in lymphatic endothelium causes lymphatic hypoplasia 
  
 Lyve-1Cre mice were recently developed to conditionally delete floxed (flanking loxP) 
DNA sequences in LECs [1].  However, the removal of floxed DNA sequences in collecting 
lymphatic vessels and valves was not previously analyzed.  To further characterize the pattern 
of Cre-mediated recombination in Lyve-1Cre mice, we crossed this strain with the mT/mG 
reporter strain.  In mT/mG mice, Cre recombinase induces the excision of a membrane-targeted 
tdTomato (mT) cassette and expression of a membrane-targeted GFP cassette (mG) [2].  Ear 
skin whole-mounts from Lyve-1wt/Cre;mT/mG mice displayed strong GFP expression in 
macrophages as well as lymphatic capillaries and collecting lymphatic vessels and valves 
(Figure 1A,B).  This result indicates that the Lyve-1Cre mouse can be used to effectively excise 
floxed sequences in LECs located in the different branches of the lymphatic tree.    
  
 To investigate the function of Vegfr2 in the development of the lymphatic system, Lyve-
1Cre mice were bred with Vegfr2 floxed mice (Vegfr2flox).   Immunofluorescence staining of ear 
skin from adult mice revealed that all Lyve-1-positive dermal lymphatic vessels lacked Vegfr2 in 
Lyve-1wt/Cre;Vegfr2flox/flox mice (Figure 1C-H).  Vegfr2 expression by dermal blood vessels was 
unaffected in Lyve-1wt/Cre;Vegfr2flox/flox mice (Figure 1C-H).  Whole-mount immunofluorescence 
staining of ear skin for Lyve-1 showed a highly branched network of lymphatic capillaries in 
Vegfr2flox/flox mice (Figure 2A).  Conversely, Lyve-1wt/Cre;Vegfr2flox/flox mice exhibited a hypoplastic 
network of lymphatic capillaries (Figure 2B).  Quantitative analysis showed that there were 
significantly fewer lymphatic branch points in the ear skin of Lyve-1wt/Cre;Vegfr2flox/flox mice (6.042 
± 0.198, n = 6) than Vegr2flox/flox mice (11.29 ± 0.940, n = 6) (Figure 2C).  However, lymphatic 
vessel diameter was not slightly different between Lyve-1wt/Cre;Vegfr2flox/flox mice (52.65 μm ± 
1.303, n = 6) and Vegfr2flox/flox mice (49.05 μm ± 1.675, n = 6) (Figure 2D). 
 
Vegfr2 is not required for the maturation of collecting lymphatic vessels     
  
 Lymphatic capillaries and collecting lymphatic vessels are differentially covered by 
SMCs.  Lyve-1-positive lymphatic capillaries are free of SMCs whereas Lyve-1-down-regulated 
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collecting vessels are covered by SMCs.  Interestingly, defects in the patterning of the lymphatic 
vasculature have been associated with the mislocalization of SMCs on Lyve-1-positive 
lymphatic vessels [3-5].  To determine whether the hypoplastic lymphatic network in Lyve-
1wt/Cre;Vegfr2flox/flox mice was covered by SMCs, we stained ear skin from adult mice  for Lyve-1 
and smooth muscle actin (SMA).  This revealed that the Lyve-1-positive lymphatic networks in 
Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox mice were not surrounded by SMCs (Figure 3A,B; n = 3 
for each genotype).  However, SMCs were properly associated with Lyve-1-down-regulated 
vessels in both strains of mice (data not shown).   
  
 Next we evaluated whether Vegfr2 is required for formation of lymphatic valves.  Whole-
mount immunofluorescence staining of adult ear skin for Lyve-1 and CD31 showed that Lyve-1-
positive CD31-positive initial lymphatic vessels transitioned into Lyve-1-negative CD31-positive 
collecting lymphatic vessels in Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox mice.  Importantly, 
CD31-positive collecting lymphatic vessels in Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox mice 
possessed normal appearing lymphatic valves consisting of a bulbous region containing 
intraluminal leaflets (Figure 3C,D; n = 4 for each genotype).  The CD31 staining also revealed 
that the patterning of the blood vasculature was normal in Lyve-1wt/Cre;Vegfr2flox/flox mice (Figure 
3E,F; n = 4  for each genotype).   
 
Lymphatic function is normal in mice lacking Vegfr2 in lymphatic endothelium 
  
 The dramatic reduction in lymphatic vessel density led us to assess lymphatic function in 
Lyve-1wt/Cre;Vegfr2flox/flox mice.  Evans blue dye (EBD) was injected into the hind paws of 
Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox mice and was rapidly transported to the popliteal and 
iliac lymph nodes in both strains of mice (Figure 4; n = 6 of each genotype).  EBD dye did not 
reflux into the mesenteric lymph nodes of Lyve-1wt/Cre;Vegfr2flox/flox mice, indicating that lymphatic 
valves functioned properly in these mice.  Additionally, Lyve-1wt/Cre;Vegfr2flox/flox mice did not 
exhibit lymphedema, chylous ascites or chylothorax.   
 
Lyve-1wt/Cre;Vegfr2flox/flox embryos display reduced viability and blood vessel defects 
  
 While expanding our mouse colony we found that the viability of Lyve-1wt/Cre;Vegfr2flox/flox 
mice was dramatically reduced.  Only 12.8% of the expected frequency of Lyve-
1wt/Cre;Vegfr2flox/flox mice were present at weaning (Table 1 and Figure 5A).  Therefore we 
performed a time course experiment to determine when Lyve-1wt/Cre;Vegfr2flox/flox mice begin to 
die.  We found that Lyve-1wt/Cre;Vegfr2flox/flox embryos were present at their expected frequencies 
at E12.5 and E14.5, but were only found at 40.6% and 34.5% of their expected frequencies at 
E16.5 and E18.5, respectively (Table 1 and Figure 5A).  To determine whether impaired 
development of the lymphatic system was responsible for the lethal phenotype of Lyve-
1wt/Cre;Vegfr2flox/flox mice, we evaluated whether the jugular lymph sacs had formed properly in 
these embryos.  This analysis was performed because mice that fail to form jugular lymph sacs 
develop severe edema and die during embryogenesis [6, 7].  At E14.5, the jugular lymph sacs 
were present and of normal size in Lyve-1wt/Cre;Vegfr2flox/flox embryos (Figure 5B,C).  At E16.5, 
the density of podoplanin positive dermal lymphatic vessels was not significantly different 
between Vegfr2flox/flox (2.81 ± 0.157; n = 6) and Lyve-1wt/Cre;Vegfr2flox/flox embryos (2.79 ± 0.513; n 
= 6; Figure 5D-F). Importantly, immunofluorescence staining of E14.5 and E16.5 embryos 
revealed that a majority of the LECs in Lyve-1wt/Cre;Vegfr2flox/flox embryos did not express Vegfr2 
(Data not shown).  Furthermore, none of the mutant embryos exhibited edema at any of the time 
points analyzed (Figure 5G-I).  Therefore, lymphatic defects do not appear to be responsible for 
the demise of Lyve-1wt/Cre;Vegfr2flox/flox embryos.    
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 We next turned our attention to other tissues that express Lyve-1 to identify changes that 
could be responsible for the lethal phenotype of Lyve-1wt/Cre;Vegfr2flox/flox embryos.  Lyve-1 has 
recently been reported to be expressed by BECs in the yolk sac and liver [8].  Indeed, crosses 
with mT/mG reporter mice demonstrated that Lyve-1wt/Cre mice display Cre recombinase activity 
in BECs in these tissues (data not shown).  To determine whether the vasculature was altered 
in these tissues, we performed immunohistochemistry with markers of BECs.  Whole-mount 
immunofluorescence staining for CD31 revealed that there was a 61.3% decrease in the 
number of branch points in yolk sacs isolated from E12.5 Lyve-1wt/Cre;Vegfr2flox/flox embryos 
(41.06 ± 3.662, n = 4) compared to Vegfr2flox/flox embryos (106.3 ± 3.157, n = 3) (Figure 6A-C).  
Additionally, immunohistochemistry of E14.5 livers for endomucin showed that there were 
significantly fewer blood vessels in Lyve-1wt/Cre;Vegfr2flox/flox embryos (27.00 ± 4.263, n = 4) than 
Vegfr2flox/flox embryos (45.88 ± 2.850, n = 4) (Figure 6D-F). 
 
Vegfr2 is not expressed by macrophages and inactivation of Vegfr2 in the myeloid 
lineage does not affect lymphatic development 
 Crosses with mT/mG reporter mice revealed that Lyve-1Cre mice exhibit Cre 
recombinase activity in macrophages as well as lymphatic vessels (Figure 1A,B).   Therefore, 
several experiments were performed to rule out the possibility that the lymphatic phenotype of 
Lyve-1wt/Cre;Vegfr2flox/flox mice was due to the inactivation of Vegfr2 in macrophages.  First, we 
explored the expression of Vegfr2 by macrophages.  Whole-mount immunofluorescence 
staining showed that Vegfr2 was not expressed by macrophages in the ear skin of Vegfr2wt/GFP 
mice (Figure 7).  Next, the LysMCre strain was used to conditionally delete target sequences in 
the myeloid lineage.  LysMCre mice were bred with mT/mG reporter mice to characterize the 
expression pattern of Cre recombinase and to trace the fate of cells of the myeloid lineage.  All 
LysMwt/Cre;mT/mG mice displayed strong GFP expression by macrophages in the ear skin 
(Figure 8).  GFP did not co-localize with Vegfr3 in the ear skin of LysMwt/Cre;mT/mG mice (Figure 
8; n = 5 mice).  This finding indicates that cells genetically marked by LysMCre do not 
differentiate into LECs during normal murine development and is in agreement with another 
report using the LysMCre line [9].  LysMCre mice were then crossed with Vegfr2flox mice to 
determine whether deleting Vegfr2 in myeloid cells affects the development of the lymphatic 
vasculature.  Whole-mount immunofluorescence staining of ear skin for Lyve-1 revealed that the 
density of lymphatic vessels was not significantly different between Vegfr2flox/flox (8.550 ± 0.278, 
n = 5 mice) and LysMwt/Cre;Vegfr2flox/flox (9.150 ± 0.5895, n = 5 mice) littermates (Figure 9A-D).  
Furthermore, the diameter of lymphatic vessels was not significantly different between 
Vegfr2flox/flox (52.98 μm ± 1.328, n = 5 mice) and LysMwt/Cre;Vegfr2flox/flox (50.05 μm ± 2.031, n = 4 
mice) littermates (Figure 9A-D).  EBD was also effectively transported from injected hind paws 
to popliteal and iliac lymph nodes in all Vegfr2flox/flox and LysMwt/Cre;Vegfr2flox/flox mice (data not 
shown).  Together, these data reveal that Vegfr2 is not required in the myeloid lineage for the 
proper development of the lymphatic system.  This demonstrates that the lymphatic phenotype 
of Lyve-1wt/Cre;Vegfr2flox/flox mice is due to the ablation of Vegfr2 in LECs, not macrophages.      
 

KEY RESEARCH ACCOMPLISHMENTS: 

• Demonstrated that the Lyve-1Cre mouse can be used to delete floxed sequences in initial 
and collecting lymphatic vessels. 
 

• Showed for the first time that Vegfr2 expression by lymphatic endothelium is required for 
the proper development of the lymphatic vasculature.   
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• Specifically, I have demonstrated that Vegfr2 is required for the expansion of the 
developing lymphatic network, not the enlargement of lymphatic vessels.  These findings 
go against the current dogma regarding Vegfr2’s function in lymphangiogenesis. 
 

REPORTABLE OUTCOMES: 

Accepted Manuscripts   

1. Witte MH, Dellinger MT, Papendieck CM, Boccardo F. 2012.  Overlapping 
biomarkers, pathways, processes and syndromes in lymphatic development, 
growth and neoplasia. Clinical and Experimental Metastasis. (In Press). 

 
Manuscript In Preparation 
 

1. Dellinger MT, Hirashima M, Brekken RA.  VEGFR2 directly regulates the 
development of the lymphatic vasculature. (Manuscript in preparation). 

 
Poster Presentations 
 

1. Dellinger MT and Brekken RA.  Phosphorylation of Akt and ERK1/2 is required 
for VEGF-A/VEGFR2-induced proliferation and migration of lymphatic 
endothelium. Gordon Research Conference:  Molecular Mechanisms in 
Lymphatic Function & Disease (March 4-9, 2012; Ventura, CA). 

 
2. Dellinger MT*, Hirashima M, Brekken RA.  VEGFR2 directly regulates the 

development of the lymphatic vasculature. NAVBO Developmental Vascular 
Biology Workshop V (October 14-18, 2012; Pacific Grove, CA). 

   
  *This presentation won an award.  
 

CONCLUSIONS: 

VEGFR2 is widely recognized as an essential gene driving developmental and tumor 
angiogenesis.  The present study demonstrates for the first time that VEGFR2 also directly 
promotes the development of the lymphatic vasculature.  We show that the density, but not 
diameter, of lymphatic vessels is dramatically reduced in Lyve-1wt/Cre;Vegfr2flox/flox mice.  
Additionally, we demonstrate that lymphatic vessels in Lyve-1wt/Cre;Vegfr2flox/flox mice properly 
mature into collecting vessels.  These findings indicate that VEGFR2 is required for the 
expansion of the lymphatic vessel network but not the maturation of the lymphatic system.  This 
newly identified function of VEGFR2 further defines the molecular pathways controlling the 
development of the lymphatic vasculature and sheds light on how therapeutic agents targeting 
VEGFR2 can inhibit tumor lymphangiogenesis.  
 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Witte%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=22798218�
http://www.ncbi.nlm.nih.gov/pubmed?term=Dellinger%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=22798218�
http://www.ncbi.nlm.nih.gov/pubmed?term=Papendieck%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=22798218�
http://www.ncbi.nlm.nih.gov/pubmed?term=Boccardo%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22798218�
http://www.ncbi.nlm.nih.gov/pubmed/22798218�
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APPENDICES: 

 

 

 

Figure 1.  Cre recombinase-mediated deletion of floxed sequences in dermal lymphatic 
vessels.  (A,B) Whole-mount preparations of ear skin from mT/mG and Lyve-1wt/Cre;mT/mG 
mice.  GFP is not expressed in the skin of mT/mG mice (A) but is expressed by lymphatic 
vessels and macrophages in the skin of Lyve-1wt/Cre;mT/mG mice (B).   (C-H)  Representative 
images of transverse sections of ear skin from adult Vegfr2flox/flox mice and Lyve-
1wt/Cre;Vegfr2flox/flox mice stained with antibodies against Vegfr2 and Lyve-1. Vegfr2 (C) is 
expressed by Lyve-1 positive (D) lymphatic vessels in Vegfr2flox/flox mice (E, arrow).  In contrast, 
Vegfr2 (F) expression is lost by Lyve-1 positive (G) lymphatic vessels in Lyve-1wt/Cre;Vegfr2flox/flox 
mice (H, arrow).  
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Figure 2.  Lyve-1wt/Cre;Vegfr2flox/flox mice exhibit a deficiency of dermal lymphatic vessels.  
(A,B) Whole-mount immunofluorescence staining of ear skin from Vegfr2flox/flox and Lyve-
1wt/Cre;Vegfr2flox/flox mice for Lyve-1 .  (C) Quantitative analysis showing that there are significantly 
fewer lymphatic branch points in the ear skin of Lyve-1wt/Cre;Vegfr2flox/flox mice (6.042 ± 0.198, n = 
6) than Vegr2flox/flox mice (11.29 ± 0.940, n = 6).  (D) Lymphatic vessel diameter is not 
significantly different between Lyve-1wt/Cre;Vegfr2flox/flox (52.65 μm ± 1.303, n = 6) and Vegfr2flox/flox 
mice (49.05 μm ± 1.675, n = 6).   *** indicates P ˂ 0.001.  
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Figure 3.  Lymphatic maturation and blood vessel patterning are normal in Lyve-
1wt/Cre;Vegfr2flox/flox mice.  Whole-mount immunofluorescence staining of ear skin from adult 
Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox mice for Lyve-1 (A,B), smooth muscle actin (A,B), and 
CD31 (C-F).  (A,B) Lyve-1 positive lymphatic vessels are not covered by SMA positive cells in 
Vegfr2flox/flox or Lyve-1wt/Cre;Vegfr2flox/flox mice.  (C,D) CD31 expressing lymphatic valves are 
present in the collecting vessels of Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox mice.  (E,F) The 
patterning of CD31 labeled blood vessels is similar for Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox 
mice. 
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Figure 4. Lymphatic drainage is normal in Lyve-1wt/Cre;Vegfr2flox/flox mice.  (A,B) 
Intradermally administered EBD is transported from the hind paws to the iliac lymph nodes in all 
Vegfr2flox/flox (n = 6) and Lyve-1wt/Cre;Vegfr2flox/flox mice (n = 6). 

 

 

 

 

 

 

 



 Dellinger 13 
 

 

 

Figure 5.  Lyve1wt/Cre;Vegfr2flox/flox embryos do not exhibit lymphatic defects. (A) Graph 
showing the percentage of viable Lyve-1wt/Cre;Vegfr2flox/flox mice at different developmental 
stages.  (B,C)  Immunofluorescence staining for Lyve-1 showing jugular lymph sacs in E14.5 
Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox embryos.  (D) The density of dermal lymphatic vessels 
is not significantly different between E16.5 Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox embryos.  
(E,F) Representative images showing podoplanin positive dermal lymphatic vessels (arrows) in 
E16.5 Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox embryos.  (G-J) Images of non-edematous E14.5 
(G,H), E16.5 (I) and E18.5 (J) Vegfr2flox/flox embryos and Lyve-1wt/Cre;Vegfr2flox/flox embryos.   
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Figure 6.  Lyve-1wt/Cre;Vegfr2flox/flox embryos display reduced blood vessel density in the 
yolk sac and liver.  (A,B) Whole-mount immunofluorescence staining of yolk sacs from E12.5 
Vegfr2flox/flox and Lyve-1wt/Cre;Vegfr2flox/flox embryos for CD31.  (C) There are significantly fewer 
blood vessel branch points in yolk sacs from Lyve-1wt/Cre;Vegfr2flox/flox embryos (41.06 ± 3.662, n 
= 4 embryos) than Vegfr2flox/flox embryos (106.3 ± 3.157, n = 3 embryos).  (D-F)  
Immunohistochemical staining of E14.5 livers for endocumin showing significantly fewer blood 
vessels in Lyve-1wt/Cre;Vegfr2flox/flox embryos (27.00 ± 4.263, n = 4 embryos) than in Vegfr2flox/flox 
embryos (45.88 ± 2.850, n = 4 embryos).   ** indicates P ˂ 0.01; *** indicates P ˂  0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Dellinger 15 
 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Macrophages do not express Vegfr2.  (A-C) Whole-mount immunofluorescence 
staining showing a GFP (Vegfr2)-negative-Lyve-1-positive macrophage in the ear skin of a 
Vegfr2wt/GFP mouse. 
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Figure 8. LysMCre is not expressed by lymphatic endothelial cells.  (A,B) GFP is not 
expressed in ear skin from mT/mG mice.  (C) GFP expression by macrophages is shown in a 
whole-mount preparation of ear skin from an adult LysMwt/Cre;mT/mG mouse.  (D) GFP (green) 
does not co-localize with VEGFR3 (red) in the ear skin of a LysMwt/Cre;mT/mG mouse.    
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Figure 9.  Deleting Vegfr2 in the myeloid lineage does not affect the development of the 
lymphatic system. (A,B) Whole-mount immunofluorescence staining of ear skin from 
Vegfr2flox/flox and LysMwt/Cre;Vegfr2flox/flox mice for Lyve-1 .  (C) Quantitative analysis showing that 
the number of lymphatic branch points in the ear skin of Vegfr2flox/flox (8.550 ± 0.278, n = 5 mice) 
and LysMwt/Cre;Vegfr2flox/flox  mice (9.150 ± 0.5895, n = 5 mice) are not significantly different from 
one another.  (D) Furthermore, lymphatic vessel diameter is not significantly different between 
Vegfr2flox/flox (52.98 μm ± 1.328, n = 5 mice) and LysMwt/Cre;Vegfr2flox/flox mice (50.05 μm ± 2.031, 
n = 4 mice).    
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